The imidazolium-based main-chain organic polymers are one of promising platforms in heterogeneous catalysis, the size and outer morphology of polymer particles are known to have important effects on their physical properties and catalytic applications, but main-chain ionic polymers usually generate amorphous or spherical particles. Herein, we presented a versatile and facile synthetic route for size-and shape-controllable synthesis of main-chain poly-imidazolium particles. The wire-shaped, spherical and ribbon-shaped morphologies of poly-imidazolium particles were readily synthesized through quaternization of bis-(imidazol-1-yl)methane and 2,4,6-tris(4-(bromomethyl)phenyl)-1,3,5-triazine, and the modification of their size and morphology were realized through adjusting solvent polarity, solubility, concentration and temperatures. The direct complexation of the particles with Pd(OAc) 2 produced ionic polymers containing palladium N-heterocyclic carbene units (NHCs) with intactness of original morphologies. The particle morphologies have a significant effect on catalytic performances. Wire-shaped palladium-NHC polymer shows excellent catalytic activity and recyclabilty in heterogeneous Suzuki-Miyaura cross-coupling reaction.
A s useful ligands in organometallic chemistry and catalysis, N-heterocyclic carbene (NHC) complexes have attracted considerable attention due to their unique sigma donor properties and remarkable similarity to electron-rich phosphine ligands [1] [2] [3] . To improve recyclability of such NHC complexes, great efforts have been devoted to develop heterogeneous NHC organometallic catalytic systems [3] [4] [5] [6] [7] . Imidazolium-based ionic salts are well known to be excellent precursors of metal NHCs, and various solid supports containing imidazolium groups have been used as precursors of heterogeneous palladium NHCs [3] [4] [5] [6] . In the context, di-or poly-cationic imidazolium salts were well known to possess superior performances over monocationic analogues, but heterogeneous catalytic systems consisting of stable chelating palladium NHC units were seldom explored 3, 4 , despite the discrete chelating palladium NHC complexes were frequently investigated in catalysis 2 . Very recently, a series of metal-organic frameworks (MOFs) containing methylene-bridged bis-imidazolium groups were reported 8 , but the relative instability of these MOFs against moisture, acid or base have restricted the scope of catalytic applications.
It is known that organic polymers usually display high stability even under rigorous conditions owing to the existence of strong covalent bonds 9, 10 . The imidazolium-based main-chain organic networks may be constructed through in situ formation of imidazolium rings 11 or polymerization of organic building blocks containing imidazolium units 12, 13 . In contrast, the quaternization of bis-or multi-imidazole ligands is the most simple route for the synthesis of poly-imidazolium salts (PIS). Recently, a series of poly-imidazolium spherical particles were prepared through the quaternization of semirigid bis-or tri-imidazole ligands 14, 15 . The main-chain ionic polymers may serve as excellent precursors for the synthesis of polymeric NHC particles and palladium NHC polymers, but the spherical particles are not strong enough for palladium-catalyzed heterogeneous catalysis. The outer shape of particles is reported to have an important effect on their physical properties and ultimate applications, but mainchain organic polymers are readily to spontaneously form spherical or amorphous particles systems 20 , herein, we present a new strategy for controllable synthesis of wire-shaped (PIS1), spherical (PIS2) and ribbon-shaped (PIS3) poly-imidazolium particles from quaternization of 2,4,6-tris(4-(bromomethyl)phenyl)-1,3,5-triazine and bis-(imidazol-1-yl)methane ( Figure 1 ). The main-chain imidazolium-based particles may serve as effective precursors for the formation of polymers containing stable palladium NHC units, and no obvious changes of morphology and loss of catalytic activity were observed after wire-shaped particles were used over 13 times in palladium-catalyzed Suzuki-Miyaura cross-coupling reaction.
Results
Design approach. It is well known that 1,3,5-triazine core is a promising linker in the construction of metal-organic frameworks 21 and porous organic frameworks 22 . The core usually possesses strong electron affinity, the covalent linkage with aromatic groups is inclined to induce an effective conjugation, resulting in the formation of p...p packing interaction and decrement of solubility of resultant compounds. The semirigid tripodal 2,4,6-tris(4-(bromomethyl)phenyl)-1,3,5-triazine (BMT) is readily obtained through cyclotrimerization of p-bromomethylbenzonitrile 23 . Flexible bis-(imidazol-1-yl)methane (BIM) is easily available through alkylation of imidazole 24 , and the subsequent quaternization may produce dicationic bis-(imidazolium)methane, which is a popular precursor for the formation of stable palladium NHC containing six-membered ring [2] [3] [4] . The combination of BMT and BIM may form main-chain organic frameworks containing bicationic bis-(imidazolium)methane units. Figure 2a , a mixture of 0.1 mmol BMT and 1.5 equivalent of BIM in 5 mL MeCN at 85uC gave rise to wireshaped PIS1. When MeCN volume was increased to 20 mL, concomitant formation of spherical particles was observed (Figure 3a ). Further increment of MeCN volume to 40 mL and 60 mL resulted in the formation of more spherical particles (Figures 3b and 3c) , which is probably ascribed to incomplete solubility of BMT in MeCN at 85uC. Interestingly, when reaction temperature was elevated to 100uC, total spherical particles of 500-800 nm (PIS2) were generated in 40 mL MeCN (Figure 2d ), in which BMT is well dissolved. BMT is also soluble in THF, dioxane and DMF, but the polarity of these solvents is different, which encourages us to explore the formation of poly-imidazolium particles in these solvents. As expected, when 10 mL DMF was used as a solvent instead of MeCN at 85uC, spherical particles of 0.5-1 mm were formed (Figure 3d ). The decrement of DMF volume to 5 mL generated larger spherical particles of 2-3 um (Figure 3e ). However, when 5mL THF was used as a solvent at 85uC, ribbonshaped particles (PIS3) were formed ( Figure 2g ). The elevation of temperature or the increment of THF volume has not resulted in concomitant formation of other morphological particles. Similar results were also achieved in dioxane ( Figure 3f ).
Syntheses. As shown in
Structural characterization. All of PIS are insoluble in water and common organic solvents. Their particle size and morphology are illustrated by SEM analyses (Figures 2 and 3) , and their formation is clearly confirmed by solid-state 13 C NMR spectra, IR and elementary analysis. Solid-state 13 C NMR and IR spectra of PIS1, PIS2 and PIS3 are nearly identical with each other. The characteristic peaks of quaternary imidazolium appear around 1159 and 763 cm 21 in their IR spectra ( Figure S1 ) 14 . In solid-state 13 C NMR spectra of PIS, the peak of 2-positioned carbon of imidazolium is around 138 ppm, and the peak at 169 ppm is assigned to triazine carbon atoms, methylene of BMT and BIM affords the characteristic peaks at 53 and 62 ppm, respectively ( Figure 
Palladium carbene polymers. Similar to the reported palladium(II)
NHCs from discrete methylene-bridged bis(imidazolium) salts [2] [3] [4] , PIS were readily transformed into organometallic polymers through a concerted process of deprotonation and subsequent metalation. As shown in Figure 1 , the direct treatment of PIS with Pd(OAc) 2 in DMSO produced the corresponding palladium NHC polymers (PIS-Pd) as yellow solids. ICP analyses show that palladium contents in PIS1-Pd, PIS2-Pd and PIS3-Pd are 0.76, 0.64 and 0.73 mmol/g, respectively, corresponding to 54, 45 and 51% of total imidazolium group binding to palladium(II), respectively. It should be mentioned that 80% of theoretical Pd(OAc) 2 was used in the preparation of PIS-Pd. The reaction of PIS and Pd(OAc) 2 was also attempted using a 152 molar ratio of palladium(II) to imidazolium based on the desirable formation of chelating palladium-NHC units, but palladium black was observed after the reaction. As a result, the use of low palladium loading not only may avoid the formation of palladium black and improve the utilization efficiency of palladium in the catalytic reaction, but also may enhance the dispersion of PIS-Pd in H 2 O/DMF with help of imidazolium and bromide.
In comparison with PIS, the peak of 2-positioned carbon of imidazolium at 138 ppm is weakened in solid-state 13 C NMR of PIS-Pd, while a new signal around 160 ppm was observed ( Figure S4 ), which is attributed to the formation of palladium NHC in 2-positioned carbon of imidazolium ring 17 . The peaks of quaternary imidazolium at 763 and 1159 cm 21 are also weakened in IR spectra of PIS-Pd, while a new band at 1233 cm 21 appears ( Figure S1 ). Other peaks of PIS-Pd in IR and solid-state 13 C NMR are almost identical with those in PIS, indicating the preservation of structural frameworks after the formation of palladium NHC units. SEM analyses further confirm that there are no morphological changes between PIS-Pd and PIS (Figure 2) . The thermal stability of PIS-Pd is similar to that of PIS ( Figure S5 ).
XPS spectra corroborate the only existence of palladium(II) in PIS-Pd, with the peaks of binging energy at 337.9 (3d 5/2 ) and 343.0 eV (3d 3/2 ) ( Figure S6 ) 15 . In comparison with Pd 3d 5/2 peak of free Pd(OAc) 2 at 338.4 eV, the peak of palladium(II) in PIS-Pd is negatively shifted about 0.5 ev, which further confirms the formation of palladium NHC units in PIS-Pd. STEM-mapping show that nitrogen, bromine and palladium are uniformly distributed on PISPd despite the difference of their morphologies ( Figure S7 ).
Catalysis. In order to investigate the effects of wire-shaped, spherical and ribbon-shaped morphologies on catalytic performances, SuzukiMiyaura cross-coupling reaction between 4-bromoacetophenone and phenylboronic acid was evaluated in the presence of K 2 CO 3 in DMF/H 2 O. As shown in Table 1 , a quantitative GC yield was achieved for wire-shaped PIS1-Pd (entry 1), while spherical PIS2-Pd and ribbon-shaped PIS3-Pd gave 4-acetylbiphenyl in 82 and 90% GC yields, respectively (entries 2 and 3). This effect was further explored through the reaction time-screening conversion curves. As shown in Figure S8 , PIS1-Pd, PIS2-Pd and PIS3-Pd possess an induction period of reaction, but conversion of 4-bromoacetophenone in PIS1-Pd is higher than that in PIS2-Pd and PIS3-Pd. The reaction ratio of PIS3-Pd is lower than that in PIS2-Pd in 2 h owing to relatively long induction time, but conversion of 4-bromoacetophenone in PIS3-Pd becomes higher than that in PIS2-Pd after 2.5 h. The highest catalytic activity in PIS1-Pd is probably ascribed to larger conatct areas with the reactants of wire-shaped particles than spherical PIS2-Pd, while ribbon-shaped PIS3-Pd has a low dispersion in DMF/H 2 O, which results in the longest induction period of the reaction. With the continuation of reaction, its reaction rate gradually enhances, and finally surpasses that in spherical PIS2-Pd. Interestingly, SEM analyses show the respective original morphologies of PIS1-Pd, PIS2-Pd and PIS3-Pd have no obvious variation after catalytic reaction (Figures 2c, 2f and 2i) . Moreover, their palladium XPS analyses show no detectable Pd(0) species are formed ( Figure S6 ), which is probably ascribed to reoxidiation of Pd(0) after catalytic reaction and strong chelating ability of biscarbene units in PIS-Pd.
The scope and generality of substrates were further explored using PIS1-Pd as a precatalyst. The effect of varying aryl bromides was initially examined by using phenylboronic as a substrate. The reactions of the electron-deficient and electron-rich aryl bromides with phenylboronic acid provided the desirable products in quantitative yields (entries 4-9), while the sterically hindered 3-bromoanisole and 2-bromoanisole gave the resultant products in 98 and 75% GC yields, respectively (entries 10 and 11). The coupling reactions of 4-bromoacetophenone with other meta-and para-substituted aryl boronic acids were also performed, and the corresponding biaryl products were obtained in quantitative GC yield, regardless of the electronic and steric nature of aryl boronic acids (entries [12] [13] [14] [15] [16] [17] . Interestingly, the disubstituted aryl bromides, such as 1,4-dibromobenzene and 2,6-dibromopyridine, are also reactive in the catalytic system, pterphenyl and 2,6-diphenylpyridine were obtained in 87 and 95% isolated yields in 120uC for 12 h, respectively (entries 18 and 19) .
The stability and reusability are very important factors for a heterogeneous catalytic system. The good catalytic activity of PIS1-Pd encourages us to investigate its recyclability. After coupling reaction between 4-bromoacetophenone and phenylboronic acid was finished, the product was isolated through simple extraction while the remaining catalytically active species were separated by centrifugation, dried in vacuo and then employed for the next run with charge of fresh substrates. The catalytic system was used at least 13 times, and no detectable loss of catalytic activity was observed (Figure 4) . Moreover, wire-shaped morphology of PIS1-Pd is intact (Figure 1i ). ICP analyses show 0.005wt% and 0.001wt% of total Pd content are leached into solution in the first run and second run, respectively. Hot filtration experiment was also examined. When reaction was performed for 1 h, 4-acetylbiphenyl was obtained in 87% GC yield. After the reaction mixture was quickly filtrated at 100uC, the filtrate continued to react under the same conditions for additional 2 h, and GC yield of 4-acetylbiphenyl was maintained at 88%. The absence of catalytic activity in hot filtrate solution further suggests negligible leaching of the catalytically active species into solution phase from PIS1-Pd during the reaction and separation.
To further ensure that PIS1-Pd represents the catalytic active species rather than free palladium that is dissociated from the polymers during reaction, mercury drop and poisoning test were performed. When one drop of mercury or polyvinylpyridine (PVP) (PVP/Pd 5 40051) was added under the same conditions, no obvious effect on catalytic reaction was observed (Table 1, entries 20 and 21) . These results show Suzuki-Miyaura reaction catalyzed by PIS1-Pd is a heterogeneous process.
Discussion
The formation mechanism of main-chain poly-imidazolium particles with different morphologies was proposed according to growth mechanism of inorganic particles with controllable morphologies 18, 25 , the formation of wire-shaped PIS1 and ribbon-shaped PIS3 is probably ascribed to kinetic dissimilarity of different directions in the process of the connection of BIM and IMB, which results in anisotropic evolution of the particles. Their growth process can be speculated to take place step by step according to different steric and electronic situations 20 . As shown in Figure 5 , the growth of polyimidazolium particles in the directions of length, width and thickness can be postulated as the formation of 1D chain by 151 connection of BMT and BIM, interconnection of 1D chains to 2D network, and further connection to 3D network, respectively 26, 27 . The processes will occur at the same time and compete with each other. Because BMT is partially dissolved in 5 mL MeCN at 85uC, the anisotropic evolution can be induced efficiently by gradual dissolution of BMT in the process of the connection of BMT and BIM. The evolution rate in the direction of length (v a ) is drastically faster owing to the limit of BMT concentration 25 , while high polarity of MeCN may induce identical evolution of the chiasmal multicharged networks in the directions of width (v b ) and thickness (v c ), generating wire-shaped poly-imidazolium particles. With increment of MeCN volume, the concentration of BIM is lowered and more BMT is dissolved, and when certain critical values are reached, concomitant formation of spherical particles appears owing to spontaneous isotropic evolution in part. When BMT is completely dissolved in 40 mL MeCN at 100uC, the preferential growth in the direction of length disappears completely, resulting in the formation of uniform spherical particles. In the case, the connection rate of BMT and BIM in the directions of length, width and thickness is identical with each other. The polarity of DMF is slightly higher than that of MeCN, and BMT has a good solubility in DMF. Thus, total spherical particles are obtained in DMF, moreover, particle size may be controlled through variation of BMT concentration. Alternatively, BMT is also soluble in THF and dioxane, but less polarity of THF and dioxane easily leads to fast precipitation of PIS from the mother solution. The growth of particles in the directions of width and thickness is inhibited at different levels, generating ribbon-shaped poly-imidazolium particles.
In conclusion, we presented a series of wire-shaped, spherical and ribbon-shaped poly-imidazolium particles, and their sizes and morphologies were readily modified through judicial selection of solvent, concentration and temperature. Palladium(II) was easily incorporated into parent poly-imidazolium salts by direct complexation with Pd(OAc) 2 with their original morphologies well maintained. An obvious effect of particle morphologies on catalytic performances was observed. Wire-shaped palladium-NHC particles show excellent catalytic activity and recyclability in heterogeneous catalysis with negligible palladium leaching and the intactness of original morphology. As a result, this study not only provides an optimized route for size-and shape-controllable synthesis of polyimidazolium particles, but also widens the scope of palladium NHC complexes.
Method
Preparation of wire-shaped PIS1. To a suspension of BMT (0.10 mmol, 58.8 mg) in 4 mL MeCN at 85uC, a solution of BIM (0.15 mmol, 22.2 mg) in 1 mL MeCN was added. After the mixture was stirred at this temperature for 10 h, white insoluble precipitate was formed. The precipitate was collected by centrifugation, washed with MeCN (2 3 30 mL) and dried in vacuo. Yield: 73 mg (90%). IR (KBr, cm Preparation of spherical PIS2. The synthetic procedure was similar to that of PIS1 except that total volume of MeCN was increased to 40 mL and temperature was elevated to 100uC. Yield: 65 mg (80%). IR (KBr, cm 
